Heme oxygenase (HO) catalyzes the oxygen-dependent cleavage of heme to produce biliverdin IXa in phycobilin biosynthesis. In the genome of the cyanobacterium Synechocystis sp. PCC 6803 there are two genes, ho1 (sll1184) and ho2 (sll1875), encoding HO isoforms. Reverse transcription-PCR indicated that ho1 is constitutively expressed, and ho2 is induced under micro-oxic conditions. A mutant lacking ho1 (Áho1) failed to grow under aerobic conditions while it did grow at a significantly slower rate than the wild type under anaerobic (micro-oxic) conditions. When micro-oxically grown Áho1 was incubated under aerobic conditions, the cells underwent chlorosis with a significant decrease in phycocyanin accompanied by anomalous accumulation of protoporphyrin IX. These results suggested that HO1 is essential for aerobic growth as the sole HO and is dispensable under micro-oxic conditions. A mutant lacking ho2 (Áho2) grew under both aerobic and micro-oxic conditions like the wild type at low light intensity (50 mmol photon m À2 s À1 ). At higher light intensity (120 mmol photon m À2 s
Introduction
Heme oxygenase (HO) catalyzes the stereospecific cleavage of heme with oxygen to produce biliverdin IXa (BV) with the release of Fe 2+ and carbon monoxide. While HO plays a major role in the degradation of heme in animals (Kikuchi et al. 2005 , Sassa 2006 , HO is the first committed enzyme to synthesize bilin pigments, a group of open tetrapyrroles, such as phycocyanobilin (PCB), phycoerythrobilin (PEB) and phytochromobilin (PÈB) (Shekhawat and Verma 2010) . PCB and PEB are chromophores in the light-harvesting complex called phycobiliproteins in cyanobacteria and algae (Scheer and Zhao 2008) . PÈB is the photoreceptor in phytochrome that controls many cellular processes in response to far-red and red lights in plants (Nagatani 2010) . These bilin pigments are synthesized from heme by the sequential operation of HO and bilin reductases specific for the respective bilin pigment, for example, PCB:ferredoxin reductase (PcyA) and PÈB synthase for the formation of PCB and PÈB, respectively (Fig. 1) .
HO plays roles in a variety of cellular processes, not only heme degradation but also Fe acquisition/mobilization, signal transduction and protection against oxidative stress, most of which have been characterized in animal cells (Otterbein et al. 2000) . Multiple isoforms of HO are differentiated to perform these processes. The genome of Arabidopsis thaliana has four isoforms, HY1 (HO1), HO2, HO3 and HO4. Since a HO1-lacking mutant, hy1, shows a deficiency in photochemically active phytochromes, HO1 is responsible for the dominant HO for PÈB biosynthesis. Phenotype analysis of multiple mutants suggested that multiple HO isoforms contribute to the formation of PÈB required for active phytochromes (Emborg et al. 2006) .
Cyanobacteria are prokaryotes performing oxygenic photosynthesis with phycobiliproteins as accessory light-harvesting pigments, and have phytochrome-like proteins to control a variety of cellular processes such as phototaxis and change of phycobiliprotein contents in response to the change in light environments, chromatic adaptation (Kehoe and Grossman 1996 , Terauchi et al. 2004 , Ikeuchi and Ishizuka 2008 . Most cyanobacteria have two or more HO isoforms. In a unicellular cyanobacterium Synechocystis sp. PCC 6803 (Synechocystis 6803), there are two genes ho1 (sll1184) and ho2 (sll1875) encoding HO isoforms, HO1 and HO2, respectively. The ho1 gene is located upstream of hemF (sll1185) encoding oxygen-dependent coproporphyrinogen III (CPgen) oxidase (Goto et al. 2010) . The ho2 (sll1875) gene is present between two genes, chlA II (sll1874) and hemN (sll1876), encoding Mg-protoporphyrin IX monomethylester (MPE) cyclase (Minamizaki et al. 2008 ) and oxygen-independent CPgen oxidase (Goto et al. 2010) , respectively. All these genes adjacent to the ho genes are involved in tetrapyrrole biosynthesis in addition to HO (Fig. 1) .
Previously, we found that while hemF next to ho1 is constitutively expressed, the gene cluster chlA II -ho2-hemN is induced under micro-oxic conditions (Minamizaki et al. 2008 , Goto et al. 2010 . This observation suggested the differential operation of the HO isoforms in response to environmental oxygen levels. In addition, Yilmaz et al. (2010) reported that HO2 protein is expressed under low oxygen conditions, which is consistent with the ho2 expression profile (Minamizaki et al. 2008) . A ho2-deficient mutant was isolated and failed to grow under high light and microaerobic conditions, suggesting that HO2 plays an important role under low oxygen environments (Yilmaz et al. 2010) . However, the function of HO1 remains to be elucidated, since no ho1-dificient mutant has been available to date. Here we show that a ho1-deficient mutant has been isolated by segregation under micro-oxic conditions and that ho1 is essential for aerobic growth in Synechocystis 6803 by phenotype analysis.
In addition, we previously reported two cases of differential operation of two isoforms/enzymes in tetrapyrrole biosynthesis in Synechocystis 6803. In the first case, two genes encoding isoforms of MPE cyclase, ChlA I and ChlA II , involved in the formation of the E-ring of Chl a were identified (Minamizaki et al. 2008) . In the second case, we identified two genes encoding structurally unrelated enzymes HemF and HemN involved in CPgen oxidation (Goto et al. 2010) . ChlA I and HemF are dominant enzymes in aerobic conditions, and ChlA II and HemN operate specifically under low oxygen conditions. We reported another case in the cyanobacterium Leptolyngbya boryana, in which two structurally unrelated protochlorophyllide (Pchlide) reductases differentially operate (Yamazaki et al. 2006) . Synechocystis 6803 also has the two Pchlide reductases, suggesting that they are similarly differentiated. Differential operation of two HO isoforms provides a fourth case in cyanobacterial tetrapyrrole biosynthesis to adapt to low oxygen environments. Considering the modes of differentiation among the four cases, we found that cyanobacteria have independently developed different strategies to adapt to environments with a variety of oxygen levels.
Results

Transcript levels of ho1 and ho2 in Synechocystis 6803
There are two genes encoding HO isoforms in the genome of Synechocystis 6803 ( Fig. 2A) . One is ho1 (sll1184) that is located just upstream of hemF (sll1185) (Goto et al. 2010 ). The other is ho2 (sll1875) present between two genes, chlA II (sll1874) and hemN (sll1876). In previous work, the mRNA level of ho2 was elevated together with chlA II and hemN in cells grown under micro-oxic conditions compared with aerobic conditions (Minamizaki et al. 2008 , Goto et al. 2010 . To examine whether the gene expression profile of ho1 is different from that of ho2, we compared the transcript levels of ho1 and ho2 in wild-type cells grown under aerobic and micro-oxic conditions by reverse transcription-PCR (RT-PCR) (Fig. 2B) . The levels of RT-PCR products derived from ho1 mRNA were almost equal in cDNA preparations from both aerobic and micro-oxic conditions (Fig. 2B) .
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Biliverdin IXa (BV) Fig. 1 The tetrapyrrole biosynthesis pathway. Only compounds and genes mentioned in the text are shown. Genes for enzymes operating mainly under aerobic and micro-oxic conditions are shown in red and blue, respectively. The three genes in the same low oxygen-induced gene cluster ( Fig. 2A) are underlined.
This profile is similar to that of hemF (Goto et al. 2010 ).
The RT-PCR product of ho2 was much more abundant in the cDNA preparation from micro-oxic cells than in that from aerobic cells, as shown previously (Minamizaki et al. 2008) . This difference in the transcript profiles of ho1 and ho2 suggests the functional differentiation of the two isoforms HO1 and HO2 in response to environmental oxygen levels.
Isolation of mutants lacking ho1 or ho2
To examine how the two HO isoforms operate differentially in the cyanobacterial cells, we isolated two mutants lacking one of the two ho genes ( Fig. 2A, C) . The mutant lacking ho2 was successfully isolated by the normal segregation procedure under aerobic conditions (Fig. 2C) . In contrast, for the ho1 disruption, the wild-type ho1 copies in the genomes persisted during several rounds of segregation under aerobic conditions and the kanamycin-resistant transformants stayed in a merodiploid that is called Áho1m (Fig. 2C , Áho1, lane 3). We carried out the segregation procedure under micro-oxic conditions as previously described (Minamizaki et al. 2008 , Goto et al. 2010 , and isolated a Áho1 mutant without any wild-type ho1 copy (Fig. 2C , Áho1, lane 6). This segregation procedure suggested the essential role of HO1 for growth under aerobic conditions and the dispensability of HO1 for growth under micro-oxic conditions. Mutants lacking ho1 and ho2 are called Áho1 and Áho2, respectively, hereafter.
Growth of the mutants and contents of Chl and phycocyanin
The Áho1 mutant did not grow under aerobic conditions (50 mmol photon m À2 s À1 ; Fig. 3A ). The growth of Áho1 was restored under micro-oxic conditions, though it was not as vigorous as that of the wild type (Fig. 3B) . This phenotype of Áho1 consistent with the segregation procedure suggested that HO1 is essential for growth under aerobic conditions and that HO1 is dispensable but plays some significant roles for growth under micro-oxic conditions. In contrast, growth of the Áho2 mutant was similar to that of the wild type under both aerobic and micro-oxic conditions (Fig. 3A, B) , indicating a dispensable role for HO2 irrespective of the environmental oxygen levels at this light intensity.
To determine whether ho1 deficiency is permissive under lower light intensity, we examined the growth of the mutants at 1 mmol photon m À2 s À1 (Fig. 4A, B) . While Áho2 showed growth similar to that of the wild type, Áho1 did not grow (Fig. 4A) . The slower growth phenotype of Áho1 under micro-oxic conditions was still observed at very low light intensity (Fig. 4B) . This suggested that the essential role of HO1 is not relieved under lower light intensity. A ho2-deficient mutant isolated previously (Yilmaz et al. 2010) did not grow at high light intensity under micro-oxic conditions. Thus, we examined whether Áho2 grew at high light intensity (120 mmol photon m À2 s À1 ; Fig. 4C, D) . The Áho2 mutant showed significant growth retardation (Fig. 4D) and micro-oxic conditions (lane 6). For Áho2, transformants were segregated only under aerobic conditions (lane 3). As controls, the mutant (lanes 1 and 4) and the wild-type (lanes 2 and 5) fragments were amplified from the plasmids using transformation and the genome of the wild type, respectively.
mutant (Yilmaz et al. 2010) , suggesting that HO2 acts as the dominant HO under high light and micro-oxic conditions. HO is the first committed enzyme for PCB biosynthesis. PCB is the chromophore of phycocyanin (PC), a dominant phycobiliprotein of Synechocystis 6803. We determined the contents of PC in the mutants (Fig. 3C ). Áho1 was grown under micro-oxic conditions for 4 d followed by incubation under aerobic conditions for 3 d to prepare the aerobically incubated cells. The PC content of the aerobically incubated Áho1 cells was significantly low (approximately 60% of the wild type) while that of Áho1 grown in micro-oxic conditions was the same as that of the wild type (Fig. 3C) . Chl contents were also determined (Fig. 3D) . The Chl content of Áho1 incubated under aerobic conditions was lower (approximately 80%) than that of the wild type, while that of Áho1 grown under micro-oxic conditions was the same as that of the wild type (Fig. 3D) . The PC and Chl contents of Áho2 grown under both conditions (50 mmol photon m À2 s À1 ) were almost the same as those of the wild type. These results indicated that the defect of ho1 causes a significant decrease in Chl and PC contents under aerobic conditions. It is noteworthy that the decrease in PC content was considerably more than that in Chl in Áho1. 
Heme contents of the mutants
Since HO converts heme to BV in PCB biosynthesis, a mutant lacking HO activity is expected to accumulate heme.
To compare the contents of extractable heme in the mutant cells with those in wild-type cells, pigments were extracted in acidic acetone from the cells grown under aerobic and micro-oxic conditions, followed by HPLC analysis (Fig. 5A, B) . The peak areas corresponding to heme eluted at 2.7 min in both mutants grown under aerobic and micro-oxic conditions were almost the same as those of the wild type (Supplementary Table S1 ). These results indicated that the contents of extractable heme were kept at normal levels in the Áho1 and Áho2 mutants. In addition, we examined the contents of c-type cytochromes in whole cell proteins by heme stain (Fig. 5D) . Two major signals that correspond to Cyt f and Cyt c 550 (Shen et al. 1995) (Fig. 5D ) were detected in all mutants at almost the same intensity as in the wild type. These results suggested that the loss of either ho1 or ho2 did not cause any significant effects on the cellular heme contents. Determination of heme contents. HPLC profiles of acidic acetone fractions from the wild type and the mutants. Heme was extracted in acidic acetone from cells (equivalent to an OD 730 of 100; a, wild type; b, Áho1; c, Áho2; and s, a hemin standard) grown under aerobic (A) and micro-oxic (B) conditions on the agar plates for 7 d. Acetone extracts were separated on a C8 column, and the elution of pigments was monitored by absorption at 400 nm. The elution profiles from 0 to 6 min were extracted and enlarged to emphasize the elution of a small amount of heme. Elution profiles of the standard hemin in A and B shown on a scale of 1/5 are identical (the peak area is equivalent to 7.0 pmol, trace s). The vertical bars correspond to a signal intensity of 1.0 mV. Coomassie Brilliant Blue (C) and heme (D) stains of whole cell proteins separated by SDS-PAGE. Cells of the wild type (lanes 1 and 4), Áho1 (lanes 2 and 5) and Áho2 (lanes 3 and 6) were grown under aerobic (lanes 1-3) and micro-oxic (lanes 4-6) conditions for 7 d. Proteins from the cells were separated by SDS-PAGE (4 mg per lane). For heme stain, the proteins separated by SDS-PAGE were transferred onto a PVDF membrane and c-type cytochromes were stained by a sensitive chemiluminescent substrate. Two major signals that correspond to Cyt f (a) and Cyt c 550 (b) are indicated by the arrows (D). M in panel C indicates protein size marker.
Anomalous accumulation of protoporphyrin IX in the mutants
Pigments extracted in methanol were separated by HPLC (Fig. 6A, B) . A small but significant peak at 10.2 min was detected only in the methanol extract from Áho1 incubated under aerobic conditions (Fig. 6A, trace b) . This retention time is in good agreement with that of a standard pigment of protoporphyrin IX (PPN) (Fig. 6A, trace s) . To confirm that this tiny peak of Áho1 corresponds to PPN, we collected eluates from 9.5 to 11.5 min and recorded the fluorescence emission spectra (Fig. 6C, D) . Only the eluate from Áho1 incubated under aerobic conditions showed a fluorescence emission peak at 632 nm (Fig. 6C, trace Table S1 ). This pigment analysis indicated that the defect in ho1 causes anomalous PPN accumulation rather than heme accumulation by some effects on tetrapyrrole metabolism. (Fig. 1) . RT-PCR analysis revealed that the mRNA levels of hemH, chlD, chlH and chlI were almost the same between the wild type and Áho1 under aerobic conditions ( Supplementary Fig. S1 ). This result suggested that the defect of ho1 has an insignificant effect on the transcript levels of genes for ferrochelatase and Mg-chelatase.
Complementation of the HO1 defect by HO2
To examine whether the low oxygen-inducible HO2 is compatible with HO1, the ho2 gene was constitutively expressed under an artificial Escherichia coli promoter trc in a chromosomal site of Áho1 (Fig. 7) . We constructed a pair of plasmids in which the trc promoter, ho1 or ho2 and the spectinomycin resistance cartridge are flanked by the fragments of slr2030 and slr2031 to target them into the intergenic site between slr2030 and slr2031 (Fig. 7A ). An empty vector carrying only the promoter and spectinomycin cartridge was introduced into the wild type. Since a control transformant isolated in this way did not show any detectable phenotype (data not shown), we regarded this chromosomal site as a neutral site. The plasmids carrying ho1 and ho2 were introduced into the merodiploid Áho1m, since the transformation efficiency of Áho1 was very low. Then, the resultant initial transformants were subjected to a segregation procedure under aerobic conditions. If the extra copy of ho1/ho2 on the neutral site did not complement the ho1 deficiency, the wild-type copy of ho1 would persist under aerobic conditions as well as the segregation procedure to isolate Áho1 (Fig. 2C) . Both transformants Áho1/ho1-ox and Áho1/ho2-ox were successfully segregated under aerobic conditions (Fig. 7B,  lanes 3 and 4) . The isolated Áho1/ho1-ox and Áho1/ho2-ox grew as well as the wild type under aerobic conditions where Áho1 does not grow (Fig. 7C) . This result suggested that constitutive expression of ho2 rescues the lethal phenotype of Áho1 under aerobic conditions.
Discussion
Conditional lethal phenotype of Áho1
We have successfully isolated a mutant completely lacking ho1, providing cells to clarify the physiological function of HO1. Yilmaz et al. (2010) failed to isolate a mutant lacking ho1 in Synechocystis 6803. We succeeded by performing the segregation procedure under micro-oxic conditions (Minamizaki et al. 2008 , Goto et al. 2010 . The conditional lethal phenotype of Áho1 suggested that HO1 is the sole HO with an essential role for aerobic growth and is dispensable for growth under micro-oxic conditions. It also suggested that HO2 induced by low oxygen tension becomes the dominant HO under high light and micro-oxic conditions while it is dispensable under low light conditions (Fig. 8) .
When micro-oxically grown Áho1 was transferred to aerobic conditions, Áho1 colonies turned yellow within days, followed by bleaching, indicating the onset of chlorosis. In this process, the PC content was more significantly reduced than the Chl content (Fig. 3C, D) . PCB, a chromophore of phycobiliproteins, is the end-product of bilin biosynthesis in Synechocystis 6803. Thus, the loss of HO may cause a deficiency of PCB and lead to loss of phycobiliproteins. Phycobiliproteins are not essential for growth of cyanobacteria (Ajlani and Vernotte 1998) . Why does Áho1 show a lethal phenotype under aerobic conditions? Cyanobacteria have many phytochrome-like proteins called cyanobacteriochromes (Ikeuchi and Ishizuka 2008) , which bind PCB and phycoviolobilin as the chromophores. Some mutants lacking one of them show reversion of the phototactic orientation (Yoshihara et al. 2000) or lose chromatic adaptation (Kehoe and Grossman 1996 , Terauchi et al. 2004 , Hirose et al. 2010 ). However, the physiological functions of most cyanobacteriochromes are still unknown. Deficiency of HO would cause total loss of activity of all phytochromes and cyanobacteriochromes, some of which might be essential for cell viability. Thus, growth deficiency of Áho1 may be caused by the total loss of phytochromes and cyanobacteriochromes. This assumption is supported by a recent report (Alvey et al. 2011) , in which no mutant completely lacking the pcyA gene encoding PCB synthase was obtained in Synechococcus sp. PCC 7002.
The other alternative explanation for the lethal phenotype of Áho1 is the anomalous accumulation of PPN. PPN is an active photosensitizer that generates radicals toxic for cells upon exposure to light. We found that Áho1 cells accumulated PPN at 280 pM OD 730 À1 (Fig. 6, Supplementary Table S1 ) which is about six times higher than the level accunulated by wild-type cells (about 50 pM OD 730 À1 ). However, some mutants keep growing with anomalous accumulation of PPN (Sobotka et al. 2008 , Kato et al. 2010 ). The PPN level in Áho1 was much lower than those in these mutants, which does not support the idea regarding PPN accumulation as a main reason for the lethality. Thus, the aerobic lethal phenotype of Áho1 might represent experimental evidence for a role for HO1 in cyanobacteria in protection against oxidative stress. Further analysis is needed to understand the essential role(s) of ho1 in Synechocystis 6803.
Physiological functions of HO2
We isolated a ho2-deficient mutant, and Áho2 showed growth retardation under high light and micro-oxic conditions, while it grew normally under the other conditions. Together with the result of RT-PCR, HO2 was suggested to be a dominant HO under high light and low oxygen environments and to be an accessory HO under low light environments. Yilmaz et al. (2010) also isolated a ho2-deficient mutant and analyzed the physiological function of HO2 in Synechocystis 6803. The protein expression profiles of HO2 being induced under micro-oxic conditions are in good agreement with our RT-PCR result. The phenotype of Áho2 was substantially consistent with that of their ho2-deficient mutant. Our Áho2 (Áho2 A ) grew significantly more slowly than the wild type at a high light of 120 mmol photon m À2 s À1 under micro-oxic conditions, while it showed vigorous growth at 50 mmol photon m À2 s À1 in both aerobic and micro-oxic conditions. Under microaerobic conditions their Áho2 (Áho2 Y ) did not grow at a light intensity of 40 mmol photon m À2 s À1 , but did grow under a low light intensity (10 mmol photon m À2 s À1 ; Yilmaz et al. 2010) . The difference between the Áho2 A and Áho2 Y mutants is the light intensity at which growth retardation is caused. Taken together, it is suggested that HO2 acts as a dominant HO at high light intensity under micro-oxic conditions while it is dispensable under other conditions; low light/aerobic, low light/micro-oxic and high light/aerobic.
Pigment composition of Áho1
The deficiency of HO was expected to lead to the accumulation of heme, the substrate of HO. Nevertheless, there was no significant change in total extractable heme (including free and non-covalently bound heme) in Áho1 and Áho2 cells (Fig. 5) .
A similar situation was reported in the HO-deficient mutants pcd1 of pea (Weller et al. 1996) . There was no significant difference in the level of non-covalently bound heme between Fig. 7 (A) Gene arrangements of the transformants, Áho1/ho1-ox and Áho1/ho2-ox, in which extra copies of ho1 and ho2 were expressed constitutively at the neutral site (slr2030-slr2031) in the genome of Synechocystis 6803 Áho1. The chromosomal regions for homologous recombination with the neutral site are shown by a horizontal thin bar. To check the segregation status of the neutral site, the regions shown by horizontal thick bars are amplified by PCR. In the transformants Áho1/ho1-ox and Áho1/ho2-ox, the expression of ho1 and ho2 is controlled by the trc promoter (Ptrc). The selective marker gene is a spectinomycin resistance cartridge (Spec r ). (B) PCR analysis to confirm the gene replacement between the wild type and mutant copies in the transformants Áho1/ho1-ox and Áho1/ho2-ox. Longer and shorter fragments correspond to the mutant (KO or OX) and the wild-type (WT) copies of the target genes, respectively. The original ho1 gene fragments indicated by a horizontal gray thick bar in Fig. 2A were amplified by PCR from single colonies of Áho1/ho1-ox (lane 3) and Áho1/ho2-ox (lane 4). As controls, the mutant (lanes 1, 5 and 8) and the wild-type (lanes 2, 6 and 9) fragments were amplified from the plasmids using transformation and the genome of the wild type, respectively. The DNA fragments of the neutral site were amplified by PCR from single colonies of Áho1/ho1-ox (lane 7) and Áho1/ho2-ox (lane 10). (C, D) Comparison of photoautotrophic growth of the wild type and the transformants. Cells were cultivated on BG-11 agar plates under aerobic (C) and micro-oxic (D) conditions for 7 d.
pcd1 and the wild type (Weller et al. 1996) . In plant cells, heme plays a regulatory role to control tetrapyrrole biosynthesis by inhibiting the activity of tRNA Glu reductase, the first committed enzyme in the tetrapyrrole biosynthesis pathway. However, excess heme appears to be degraded so rapidly that a subtle change in a heme regulatory pool may not be detected (Cornah et al. 2003) . This may be the case in cyanobacterial cells.
Instead of heme, the accumulation of PPN was detected in aerobically incubated Áho1. One reason why Áho1 accumulates PPN not heme may be that the ho1 defect leads to a decrease in the activity of ferrochelatase and/or Mg-chelatase, both of which use PPN as a substrate. However, the transcript levels of genes for ferrochelatase and Mg-chelatase were not changed in Áho1 and the wild type ( Supplementary Fig. S1 ). Interestingly, anomalous PPN accumulation was also observed in tomato seedlings of mutants lacking HO, yg-2, and PÈB synthase, au, when 5-aminolevulinate (ALA) was supplied (Terry and Kendrick 1999) . This suggests that there is a common mechanism in the regulation of tetrapyrrole biosynthesis by HO among higher plants and cyanobacteria.
Functional differentiation of HO1 and HO2
There are multiple HO isoforms in a variety of organisms. In mammals, there are two HOs. HO-1 is induced by many environmental stress factors such as hydrogen peroxide, UV irradiation, heavy metals, hypoxia and hyperoxia, and HO-2 is constitutively expressed and recognized as an oxygen sensor (Sassa 2006) . The induced isoform HO-1 is a major player in the protection mechanism against oxidative stress exerted by free heme released from hemoproteins such as Cyt P450 (Sassa 2006) . Arabidopsis thaliana has four HO isoforms. HO1 (HY1) is a major HO that has been well characterized to be involved in PÈB biosynthesis. Three additional HO isoforms, HO2, HO3 and HO4, appear to act as auxiliary HOs to contribute to the formation of phytochromes (Emborg et al. 2006) . In Synechocystis 6803, the catalytic activity of HO1 and HO2 has been confirmed (Cornejo et al. 1998 , Willows et al. 2000 ) and the crystal structures of both HO isoforms have been reported (Sugishima et al. 2005 , Sugishima et al. 2004 . Given the expression profiles of the ho genes, it is suggested that the two isoforms are differentiated to be a major HO and an accessory HO operating under some specific conditions such as low oxygen environments. Use of multiple HO isoforms with differentiated functions could be a common feature of most organisms. The transformant Áho1/ho2-ox, in which an extra copy of ho2 was constitutively expressed, grew as well as the wild type and the self-complemented transformant Áho1/ ho1-ox under aerobic conditions (Fig. 7) . This result strongly suggested that HO2 has high enough activity to substitute for HO1 under aerobic conditions. Thus, the specific role of HO2 under low oxygen conditions seems to be determined by the transcriptional regulation in Synechocystis 6803.
This study raised three questions. (i) Why does Áho1 show a lethal phenotype, which could lead us to novel function(s) of HO in photosynthetic cells. (ii) How does HO2 operate under micro-oxic conditions even though oxygen is required for the HO reaction. An intriguing speculation is that HO2 has much higher affinity for oxygen than has HO1. (iii) What is the mechanism for the induction of ho2 together with the contiguous genes chlA II and hemN. Hik31-dependent and -independent mechanisms to induce gene expression in low oxygen conditions have recently been reported (Summerfield et al. 2010 ). ho2 and the other two genes are regulated by a Hik31-independent mechanism that has not yet been identified.
A cAMP-binding transcriptional regulator SYCRP interacts with the promoter region of the chlA II operon (Omagari et al. 2008 , Hedger et al. 2009 ), suggesting that cAMP may have a role in the regulation of the chlA II operon. The cellular cAMP level is Micro-oxic Fig. 8 The HO reaction and a working model of the differential operation of two HO isoforms. The porphyrin ring of protoheme is cleaved by oxygenation with molecular oxygen. HO1 is the sole HO under aerobic conditions. Under micro-oxic conditions, HO2 is induced to operate as a dominant HO under high light conditions while it acts an accessory HO under low light conditions (represented by the blue arrow). The thickness of the line represents the relative contribution to the HO reaction.
rapidly increased upon the transfer from anaerobic to aerobic conditions in Anabaena cylindrica (Ohmori 1989) , while there has been no further report on the regulatory role of cAMP in gene expression.
Differential operation of two enzymes/isoforms in tetrapyrrole biosynthesis in cyanobacteria
In tetrapyrrole biosynthesis there are several reactions in which oxygen is involved (Fig. 1) . In previous works, we reported two cases of differential operation of two isoforms/enzymes in response to environmental oxygen levels in Syncehocystis 6803. One is MPE cyclase, in which two isoforms ChlA I and ChlA II are involved in the E-ring formation of Chl a (Minamizaki et al. 2008 ). The other is CPgen oxidase, in which two structurally unrelated enzymes HemF and HemN catalyze CPgen oxidation (Goto et al. 2010 ). In addition, we also reported the differential operation of two Pchlide reductases, light-dependent Pchlide reductase (LPOR) and dark-operative Pchlide reductase (DPOR), in the cyanobacterium Leptolyngbya boryana (Yamazaki et al. 2006) . In this case, while oxygen is not directly involved in the reaction, DPOR is rapidly inactivated by oxygen exposure like nitrogenases (Yamamoto et al. 2009 ). Thus, DPOR operates preferentially under micro-oxic conditions, and the oxygen-tolerant LPOR is the dominant Pchlide reductase under aerobic conditions (Yamazaki et al. 2006) . Since both Pchlide reductases are conserved in all cyanobacteria, Pchlide reductases would be regarded as a third case. Differentiation of HO isoforms present here provides a fourth case. Here we propose a categorization of the modes of differential operation of two isoforms/enzymes as shown in Table 1 . Type I includes the differentiation of two structurally unrelated enzymes, in which one is an oxygen-sensitive enzyme and the other is an oxygen-tolerant enzyme. Type I covers CPgen oxidases and Pchlide reductases. HemN and DPOR are oxygen-sensitive enzymes, and HemF and LPOR are oxygentolerant enzymes. Type I is subdivided into two subtypes: subtypes Ia and Ib. In subtype Ia, an oxygen-dependent enzyme requires oxygen for the catalysis (HemF), and subtype Ib which is an oxygen-tolerant enzyme does not need oxygen for the catalysis (LPOR). Type II covers differentiated isoforms that are structurally homologous. These are two isoforms of ChlA I and ChlA II for Chl E-ring formation and HO1 and HO2 in heme cleavage.
The availability of molecular oxygen contributes greatly to the increasing complexity of the metabolic networks in evolution of life (Raymond and Segrè 2006) . Given the antiquity of respiration and photosynthesis in evolution, tetrapyrrole biosynthesis would have been established as an oxygen-free metabolism in anaerobic environments at a very early stage of evolution. Upon the rapid increase in oxygen level caused by the Great Oxidation Event (GOE; Holland et al. 2006 ) oxygen availability has dramatically increased. However, as a negative side of GOE, many oxygen-sensitive enzymes carrying oxygenlabile Fe-S clusters such as DPOR and HemN were eventually inactivated (Yamazaki et al. 2006) . This global transition from anaerobic to aerobic environments would have resulted in the extensive transformation of the pre-existing anaerobic metabolisms to be oxygen dependent, incorporating many oxygendependent enzymes instead of some oxygen-sensitive enzymes. The current biosynthetic pathway of tetrapyrrole including heme, (bacterio)Chls and bilin pigments would provide a typical example of the evolution of metabolism to adapt to environments with a variety of oxygen levels.
Materials and Methods
Cyanobacterial strains and growth conditions
Synechocystis 6803 and its derivative strains used in this study were cultivated in BG-11 medium as described (Minamizaki et al. 2008) . For cultures of the transformants with kanamycin and spectinomycin resistance cartridges, the above medium was supplemented with 15 mg ml À1 kanamycin sulfate and 15 mg ml À1 spectinomycin dihydrochloride pentahydrate, respectively. For agar plate culture, the BG-11 liquid medium was solidified with 1.5% agar (BactoAgar, Becton, Dickinson , respectively. Because Áho1 does not grow under aerobic conditions, it was grown under micro-oxic conditions for 4 d followed by incubation under aerobic conditions for 3 d to prepare the cells incubated aerobically.
Preparation of RNA and RT-PCR
Total RNA was prepared essentially as described (Minamizaki et al. 2008) . The isolated total RNA was used for the synthesis of cDNA with ReverTra Ace (Toyobo) and reverse primers for RT-PCR (Supplementary Table S2 ) according to the manufacturer's manual. The obtained cDNA fraction was used as the template for PCR amplification with the specific primers (Supplementary Table S2 ).
Construction of plasmids for gene disruption and transformation
Plasmids for targeted gene disruption were constructed as follows ( Fig. 2A, Supplementary Table S2 ). DNA fragments containing the target genes were amplified by PCR from genomic DNA of Synechocystis 6803 with pairs of primers (Supplementary Table S2 ) by a standard thermal cycle (KOD-plus DNA polymerase, Toyobo). The amplified DNA fragments were cloned into the BamHI site of pUC118. The recombinant plasmids carrying ho1 and ho2 were digested by BstXI and AvrII, respectively. A kanamycin-resistant cartridge amplified from pMC19 (Minamizaki et al. 2008 ) was inserted into the blunted BstXI and AvrII sites to construct the ho1-and ho2-disrupted plasmids, respectively.
Synechocystis 6803 was transformed with the plasmid (0.5 mg; GenElute Plasmid Mini-prep Kit, Sigma) and the kanamycin-resistant colonies were segregated to isolate homozygous mutants (Minamizaki et al. 2008) . For the isolation of the ho1-disrupted mutant (Áho1) the kanamycin-resistant colonies that appeared on the first selective agar plates were picked up, followed by further cultivation under micro-oxic conditions. Complete replacement of the wild-type copy with the disrupted copy was examined by 'colony PCR' as described (Minamizaki et al. 2008) . A merodiploid Áho1m was maintained on agar plates containing kanamycin under aerobic conditions.
Construction of plasmids for HO compatibility
The wild type of Synechocystis 6803 in this study is the PCC strain since the wild type has a 154 bp chromosomal element missing in glucose-tolerant strains (Katoh et al. 1995 , Kamei et al. 1998 , Ikeuchi and Tabata 2001 . The exogenous DNA fragments of ho1 and ho2 were introduced into the intergenic site between slr2030 and slr2031 (Fig. 7A) . Since we have confirmed that a control transformant carrying an empty vector in this site showed no detectable phenotype, we regarded this site as a neutral site in the PCC strain. Two plasmids, pAO321HO1 and pAO321HO2, were constructed to constitutively express HO1 and HO2, respectively. They carry chimeric fragments consisting of the trc promoter, ho1 or ho2 and the spectinomycin resistance cartridge that are flanked by sequences of slr2030 and slr2031 to target them into the intergenic site, which is located at 168 bp upstream (between 781,552 and 781,553 in the Kazusa database numbering) from the initial codon of slr2031 (Katoh et al. 1995 , Kamei et al. 1998 . A linker sequence (GGCCGAATTCGGTACCGGCC) containing EcoRI and KpnI sites was introduced into the neutral site by overlapping PCR with two PCR fragments from slr2030 and slr2031. The amplified fragment (2,456 bp) was subcloned into the BamHI site of pBam99A (Maeda et al. 2002) to form pAO1. A chimeric synthetic DNA fragment, consisting of the trc promoter (nucleotide numbers 7-118 of pQE-70; QIAGEN), SphI as a cloning site and spectinomycin, was cloned into the KpnI site of pAO1 to form pAO321. The coding regions of ho1 and ho2 amplified by PCR were introduced into the SphI site to form pAO321HO1 and pAO321HO2, respectively (Supplementary Table S2 ).
Determination of Chl contents
Pigments were extracted in 90% methanol from the cells. The concentration of Chl in the extract was determined by absorption at 665 nm (model V-550, JASCO, Hachioji) (Fujita et al. 1992) . The amount of Chl was normalized by the optical density at 730 nm (OD 730 ; UV1700, Shimadzu) of the cell suspension used for the extraction.
Determination of PC contents
Cells were harvested by centrifugation at 18,000 Â g for 5 min. Cell pellets were resuspended in sodium acetate buffer (20 mM sodium acetate; pH 5.5, 3 mM sodium azide and 10 mM disodium EDTA). The cell suspension (500 ml) was disrupted by vigorous shaking (EM-36, TAITEC) with glass beads (100 mg, 150-212 mm, Sigma) for 60 min at 4 C, and the resulting homogenate was centrifuged at 18,000 Â g for 20 min at 4 C to discard unbroken cells. The concentration of PC in the supernatant was determined by absorption at 620 and 650 nm (model V-550) using the following equation (Tandeau de Marsac and Houmard 1988) .
PC ðmg=mlÞ ¼ ðA 620 À 0:7A 650 Þ=7:38
The protein concentration was determined by a dye binding assay (Protein Assay, Bio-Rad) using bovine serum albumin as a standard.
Heme extraction, HPLC analysis and heme stain Cell pellets were resuspended in 80% acetone. The cells were disrupted with glass beads (BugCrasher GM-01, TAITEC) for 30 min at 4 C, and the resulting homogenate was centrifuged at 10,000 Â g for 10 min at 4 C. The pellets were washed in 80% acetone three times. Heme was extracted from the washed pellets in acidic acetone (2% HCl-acetone) twice. Aliquots (20 ml) of the acidic acetone extracts neutralized by KOH were loaded onto a 4.6 Â 150 mm Symmetry C8 3.5 mm column (Waters) and separated as described (Zapata et al. 2000) with an HPLC system (Shimadzu LC series). Heme was detected by absorption at 400 nm (SPD-20AV, Shimadzu). Hemin (Tokyo Kasei) was used as a standard.
Cell pellets were resuspended in HEPES buffer (50 mM HEPES-KOH, pH 7.5 and 10 mM MgCl 2 ). The cells were disrupted with glass beads as described above. After adding 2 mM phenylmethylsulfonyl fluoride, the resulting homogenate was centrifuged at 700 Â g for 5 min at 4 C to discard unbroken cells. Proteins of the supernatants were separated by SDS-PAGE without boiling with b-mercaptoethanol (Feissner et al. 2003) , and transferred onto a PVDF membrane (Immobilon P, Millipore). The signals derived from c-type cytochromes were visualized by a sensitive chemiluminescent substrate as described (Goto et al. 2010) .
